Purpose: This work aims to develop a knowledge-based automated dose volume histogram (DVH) prediction module that serves as a plan quality evaluation tool and treatment planning guidance in commercial Pinnacle 3 treatment planning system (Philips Radiation Oncology Systems, Fitchburg, WI, USA).
| INTRODUCTION
Intensity-modulated radiation therapy (IMRT) is a popular clinical treatment modality used worldwide. Compared to conventional beams of uniform intensity, intensities of radiation beams are modulated in IMRT to deliver a nonuniform dose distribution to the tumor target. A desired target dose conformity and sufficient sparing of critical structures could be achieved through IMRT planning.
1-3 An ideal IMRT plan could require a lot of trial-and-error process and was time-consuming. The efficiency of making an IMRT plan and the quality of this plan depend on the clinical experience of the dosimetrist.
3-5
The population of patients treated for esophageal cancer is increasing in our center. Esophageal plan quality has been investigated for different treatment modalities. 6 Compared to three-dimensional conformal radiotherapy (3DCRT), IMRT plans generally show better target dose coverages and lower mean doses to organs at risk (OARs). Also, high-quality plans are desired to achieve optimal treatment outcomes. 7 Therefore, a pretreatment plan quality assurance (QA) tool is crucial for assuring treatment plans.
Knowledge-based dose volume histogram (DVH) prediction has
shown good results for head and neck, pancreas and prostate treatment planning. [8] [9] [10] [11] [12] The plan variability can be reduced through knowledge-based planning. [13] [14] [15] [16] Although there is no definitive method to evaluate a radiotherapy treatment plan, the feasibility of using knowledge-based DVH prediction for QA of head and neck plan has been demonstrated. 17 As 
2.B | KDE-based DVH prediction
Dose distribution, voxels of PTV and OARs extracted from the training data were trained to get DVH prediction. DVH can be determined by a cumulative probability distribution of dose x that is lower or equal to a given dose D as Eq. (1).
The dose probability density function p D (x) was predicted by marginalizing the conditional probability density p(x|t) estimated from training data over probability density p*(t) from input plan data, where t was the signed minimal distance between dose point in OAR voxel and PTV boundary. When OAR overlapped PTV, signed distance of the point was negative inside PTV. For each input plan data, p D (x) can be estimated by Eq. (2).
F I G . 1. Schematic view of knowledge-based plan quality assurance module workflow.
From KDE method which was introduced by Skarpman, 20 to generate a continuous probability density function p D (x), Gaussian kernel was applied to the training data. The width of the Gaussian kernel in this KDE model was calculated by minimizing mean integrated squared error. 21 
2.C | KDE model validation
The KDE model was validated by 10 additional high-quality treatment plans. Plan evaluation metrics were summarized in Table 1 . 
2.E | Application and evaluation in clinical implementation
The developed QA module in Pinnacle 3 was applied for 20 new esophageal IMRT plans with the same prescription dose. Plan quality evaluation was made with respect to the DVH metrics in Table 1 .
The discrepancy between predicted and achieved DVH metrics was analyzed statistically. 
2.F | Statistical analysis

3.C | Clinical implementation
The dose comparison between predicted and manual DVHs was performed on 20 clinical plans. The OAR DVH comparison is shown in Table 3 . A 1.2% deviation of V 20 index and 2.5% deviation of V 5
index of lung-PTV were found on average. 
3.D | Predicted DVH-guided treatment planning
To test the feasibility of treatment planning guidance using the predicted DVH, one of the 20 patients (patient number 18) from clinical test group with a slight lower predicted lung dose was selected. For this patient, the lung mean dose, V 5 , V 20 in the manual plan was 1.0 Gy, 2.3%, 2.1% higher than the predicted ones, respectively. With the guidance of predicted DVH, a re-optimization was performed. The final plan with re-optimization is shown in Fig. 6 . This indicated the feasibility of using predicted DVH as a treatment planning guidance.
| DISCUSSION
The scope of this study was to apply a knowledge-based automated DVH prediction module that could be integrated in Pinnacle 3 UI for plan QA and guidance. To the best of our knowledge, this is the first time to develop the KDE-based DVH prediction module in Pinnacle 3 .
One of the 20 clinical esophageal IMRT plans was randomly selected out for re-optimization under the guidance of predicted OAR DVHs.
It was available to achieve an optimized result. We believe that this tool would be helpful for both plan QA and further DVH-guided plan optimization or re-optimization.
KDE method has shown good DVH prediction for Gamma knife radiosurgery of acoustic schwannoma and non-small cell lung cancer treated with stereotactic body radiation therapy. 20 The knowledgebased module we developed with KDE for Pinnacle 3 treatment planning system could be used to benchmark the quality of esophageal 
